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Abstract: One of the main manifestations of the Grain-for-Green Programme (GFGP)
is land use change, which will affect the trade-off of ecosystem services. Since the
implementation of the GFGP in Dali Autonomous Prefecture in 2000, land use/cover
has undergone dramatic changes. This study used the CLUE-S model to simulate land
use change in 2030, and explored the spatial pattern and relationship of different
ecosystem services under the four scenarios of GFGP. The results show that, GFGP can
help to improve indirect services of ecosystems, such as carbon storage and soil
conservation. However, direct services of the ecosystem will decline, such as food
production and water yield. Compared with 2010, the overall supply level of the four
ecosystem services is the most balanced in the moderate GFGP scenario. In this
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scenario, total grain production decreased by 179,000 tons and water yield decreased
by 57 million cubic meters. Carbon storage and soil conservation continued to grow,
increasing by 21.86 million tons and 17.89 million tons, respectively. The changes of
ecosystem services in the strong GFGP scenario are extreme. The increases in carbon
storage and soil conservation are at the expense of a significant reduction in food
production and water yield. It can be concluded that GFGP may lead to intensifying
ecosystem services trade-offs. Through comparing the changes of ecosystem services
under different GFGP scenarios, it is found that the implementation intensity of GFGP
should be deeply concerned.
Key Words: Grain-for-Green Programme; Ecosystem services trade-offs; Scenario
analysis; Northwestern Yunnan
1 Introduction
Ecosystems and related environment processes across multiple scales are the
foundations on which humans rely for their existence. Costanza et al. (1997) defined
ecosystem services as the benefits people obtain directly or indirectly from ecosystems.
Ecosystems can provide multiple services to humans at the same time, while some
ecosystem services can not be consumed simultaneously. There is a close but complex
relationship among different types of ecosystem services. Accurately revealing the
relationship between ecosystem services helps to effectively utilize the ecosystem.
Ecosystem service trade-offs can be characterized as an increase of specific ecosystem
services at the expense of another ecosystem services. It is the most representative
relationship between ecosystem services and has important research significance
(Rodríguez et al. 2006). The trade-off between ecosystem services can be strongly
influenced by human activities. For example, changes in the type, intensity, and scale
of land use may result in the changes of ecosystem services (Tolessa et al., 2017).
Ecological engineering is often accompanied by a shift of land use patterns. Studies
have shown that in the implementation of ecological engineering, if the trade-off
relationship between different types of ecosystem services is not paid attention to, it is
difficult to maximize ecological benefits and even cause a series of ecological problems
(Divinsky et al., 2017; Geneletti, 2013; Goldstein et al., 2012).
The identification of ecosystem services trade-offs can be conducted through the
quantitative index method or comprehensive model method with specific
spatiotemporal scales (Konarska et al., 2004; Lafortezza & Chen, 2016; Yi et al., 2018).
For a specific region, scenario analysis and multi-objective analysis become effective
means of balancing ecosystem services (Hu et al., 2015; Li et al., 2017; Sandhu et al.,
2018). Through establishing a future scenario based on ecosystem protection or socio-
economic development or both, comprehensive analysis of ecosystem change trends
will help to find the best way to optimize ecosystem services (Hao and Yu, 2018;
Scholte et al., 2018). However, to reduce the uncertainty in simulating ecosystem
services, natural geographical, socio-economic, and policy factors should be considered
as more as possible (Costanza et al., 2017; Hu et al., 2018; Liu et al., 2017).
In the context of the transformation of human-land relationship, land use change
scenario analysis has become an important means of quantifying ecosystem services
response to land use policy (Xu et al., 2019; Halecki et al., 2018; Kerschbaumer et al.,
2015). The land use change scenario analysis determines the different land use needs
according to the driving factors of land use patterns, and regards it as a demanding for
different land use types in the future. This approach can not only determine the extent
to which specific ecosystem services can be maximized in the future, but can also be
used to identify potential ecosystem services trade-offs across different spatial-temporal
scales. Commonly used land use simulation models include the following four types:
(i) Conversion of Land Use and its Effects at Small Region Extent (CLUE-S) model
based on empirical statistics, (ii) Agent-Based Model (ABM) based on multiple agents,
(iii) Cellular Automata (CA) model based on neighborhood relationship analysis, and
(iv) Dynamics of Land System (DLS) model based on structural changes in land
systems and succession of spatial pattern analysis. In various case studies, ecosystem
services trade-offs are often simulated by changes of land use/cover types to provide
evidence for sustainable development of ecosystems (Grafius et al., 2016; Liu et al.,
2018; Wu, 2013). For example, Jra et al. (2013) assessed trade-offs and synergies
between water quality regulation and 10 other ecosystem services in the Australian
Great Barrier Reef considering four different land use scenarios. Zank et al. (2016)
simulated the effects of two alternative land use change development scenarios on
natural capital stocks and ecosystem service flows in the Puget Sound region of
Washington State. Groot et al. (2018) proposed the Landscape IMAGES modeling
framework for multi-scale spatially explicit analysis of ecosystem services trade-offs
and synergies across agricultural landscapes. Therefore, the land use change scenario
analysis can help to reveal the trade-off relationship of ecosystem services.
China’s Grain-for-Green Program (GFGP) is globally one of the most important
ecological engineering projects in the context of ecological restoration and conservation,
given the fact that it involves the largest investment and has the highest participation
degree (Bryan et al., 2018; Rozelle, 2005; Wu et al., 2018). The implementation of the
GFGP has introduced remarkable changes in land use patterns, which have altered the
provisioning of various ecosystem services to a large extent (Xu et al., 2018). Studies
have shown that the implementation of returning farmland to forest land has improved
ecosystem regulation services and improved the quality of local eco-environment
(Deng et al., 2012; Wang et al., 2017). However, some studies have also found that with98
the implementation of the GFGP, the trade-off relationship between provisioning99
service and regulating service will become more and more obvious (Liu et al., 2014; Jia
et al., 2014). Therefore, due to the complexity in trade-off relationships among multiple
ecosystem services, the comprehensive benefits of GFGP are yet not well understood.
It is necessary to compare different GFGP scenarios to analyze the influence of GFGP
intensity on ecosystem services trade-offs, and thus to make suggestions for the optimal
GFGP intensity.
As a typical ecological fragile area in the northwestern part of Yunnan Province,
China, Dali Autonomous Prefecture is located in the transitional zone in-between the
Yunnan Plateau and Qinghai-Tibet Plateau. This area is characterized by one of the
highest richness in biodiversity and ethnic-cultural diversity globally. The rich natural
and cultural landscapes make it an internationally renowned tourist destination. The
large-scale tourism development in the past two decades has not only resulted in an
extensive economic growth, but also lead to a significant increase in human activities,
posing a great threat to the ecological fragile zone. Dali Autonomous Prefecture has
implemented the GFGP since 2000, and land use/cover has also undergone dramatic
changes in the past years. How to scientifically choose the implementation intensity of
the GFGP has become a key issue. Therefore, taking Dali Autonomous Prefecture as a
case study area, the study aims at the following detailed objectives: (1) to map land use
change by setting different GFGP scenarios; (2) to quantify the impact of GFGP
scenarios on four ecosystem services (i.e. carbon storage, soil conservation, water yield,
and food production); and (3) to determine the optimal GFGP intensity based on
ecosystem services trade-offs.
2 Material and method
2.1 Study area and data source
The total area of Dali Autonomous Prefecture is 29,459 km2, of which the
mountainous area accounts for more than 93% (Figure 1). Situated within Yunnan
Province (98°52’-101°03’E, and 24°41’-26°42’N), it has jurisdiction over Dali City and
11 counties. The climate is low-latitude plateau monsoon, characterized by distinctive
dry and wet seasons as well as rainy and hot seasons. The annual average rainfall is
between 800mm and 1000mm, whereas the average annual average temperature is 15°C.
As a consequence the vegetation distribution is characterized by a clear vertical gradient.
The basic data used in this study includes: (1) GlobeLand30 data in 2000 and 2010,
covering 10 types of surface cover (i.e. farmland, forest land, grass land, shrub land,
wetland, water body, tundra, construction land, bare land, and glacier and permanent
snow). According to the actual land use settings in Dali Autonomous Prefecture, the
surface cover types are classified into the following six categories: farmland, forest land,
grass land, shrub land, water body , and construction land
(http://www.globallandcover.com/GLC30Download/index.aspx). This classification
facilitated the quantitative evaluation of ecosystem services. (2) Digital elevation model
with a resolution of 30m was used to compute the terrain factors as used to run the
RUSLE model (http://www.gscloud.cn/). (3) Meteorological data (i.e. temperature and
precipitation) covering the period 1981 - 2010 were obtained from the national
meteorological stations network of the Chinese Meteorological Science Data Sharing
Service System (http://cdc.cma.gov.cn/home.do). More precisely, in this study the
meteorological stations within and around the study area were considered in order to
map spatial distribution of soil conservation and water yield. (4) Food production
statistics and economic statistics of Dali Autonomous Prefecture were derived from the
Yearbook of Dali Autonomous Prefecture covering the study period(Dali Bureau of
Statistics, 2000, 2010). (5) The soil type map of Dali Autonomous Prefecture, extracted
from the 1:1,000,000 soil database of China, was used to measure soil conservation and
water yield. (6) The Vegetation Index was derived from the MOD13Q1 database of the
Vegetation Index product synthesized by the MVC Method 16d and downloaded from
the NASA MODIS website (http://modis.gsfc.nasa.gov/) with a spatial resolution of
250m.
Figure 1 Geographical location and land use types of the study area
2.2 Quantifying ecosystem services
2.2.1 Carbon storage
In recent years, the InVEST model (The integration valuation of ecosystem
services and trade-offs tool) is widely used for assessing and mapping ecosystem
services (Arkema et al., 2015; He et al., 2016; Sharps et al., 2017). The carbon storage
capacity of the study area has been analyzed based on the Carbon Storage and
Sequestration module of the InVESTmodel. This module is generally composed of two
parts, i.e. carbon storage in plants (including underground (roots) and aboveground
(shoots) parts of plants), and carbon storage in the soil. In essence, it analyzes four
major potential carbon sinks in the terrestrial sphere, i.e. (1) aboveground biomass (all
living plant bodies); (2) root biomass (all the root systems of the aboveground biomass);
(3) soil organic carbon (all carbon pools of the organic matter present in the soil); and
(4) humus carbon: dead organic carbon stored in litter and deadwood.       =        +        +       +       (1)
In the formula,        ,        ,        ,       and       represent total
carbon (t/hm2), aboveground biomass (t/hm2), root biomass (t/hm2), soil organic
carbon (t/hm2), and humus carbon (t/hm2), respectively.
The organic carbon stock data for the 4 pools comes from the Intergovernmental
Panel on Climate Change (IPCC), covering various land use types such as farmland,
forest land, and grassland. The storage density for other land use types are set according
to the climatic factors of the study area (Newell et al., 2012).
2.2.2 Soil conservation
In this study, the RUSLE (Revised Universal Soil Loss Equation) model was used
to determine the spatial pattern of soil erosion and soil conservation (Renard et al.,
1991). More precisely, the soil conservation was calculated by subtracting the actual
soil erosion from the potential soil erosion.
The potential and actual soil erosion as well as soil conservation are measured as
follows:    =   ×   ×    (2)   =   ×   ×    ×   ×   (3)
∆  =    −   (4)
In the formula,   ,    and ∆A are the potential and actual soil erosion, and the
soil conservation (ton·ha-2·a-1). R is the rainfall-runoff erosivity factor (MJ·mm·hm-1·h-
1·a-1); K refers to the soil erodibility factor (ton·ha·MJ-1·mm-1); LS is the slope length
and steepness factor (dimensionless); C is the coverage and management factor
(dimensionless); and P is the supporting practice factor.
2.2.3 Water yield
Water yield is an important freshwater related service of ecosystems. The InVEST
Water Yield Module is based on the principle of basic water balance that considers three
components: surface runoff, soil moisture, water holding capacity of litter and canopy
interception. The Budyko curve and average annual rainfall are used to calculate water
yield as follows (Zhang et al., 2001):    =  1 −         ⁄   ×    (5)
In the formula,       is the actual evapotranspiration for land cover type j at
pixel x;    is the annual precipitation at pixel x. The evapotranspiration is similar to the
Budyko curve proposed by Zhang et al. (2001):        ⁄ =  1 +         1 +       + 1    ⁄    (6)
In the formula,     is the aridity index for land cover type j at pixel x, and the   
is the available water content of the vegetation at pixel x.
2.2.4 Food production
Yearly statistical data has been used to calculate the food production of farmland
for each county. Subsequently a time synthesis method was used to reconstruct the
NDVI time series from which the maximum value of NDVI, representing the best
condition of vegetation growth within a given period of time, could be extracted rather
easily. More precisely, a multi-layer / multi-temporal NDVI raster map was used from
which for each pixel the maximum value was extracted using following formula:      =               .  (7)
In this study, according to the internal normalized deference vegetation index of
farmland for each county, the food production value was spatially downscaled from the
county level to the pixel level using following formula:    =       /        ,  ×    (8)
In this formula, i represents the ith grid of the farmland layer in the j County,    
indicates food production allocated by the i grid of farmland in the j County,   
indicates the food production of farmland in the j County,        indicates the NDVI
of the i farmland grid in the j County, and         ,  represents the average value of
farmland NDVI in the j County. These processes were mainly realized in ArcGIS 10.2
using the software of Raster Calculator and Spatial Analysis tools.
2.3 Simulating land use change based on CLUE-S model
In this study, the CLUE-S model was used to simulate land use patterns in 2030,
which is an improved version of the CLUE model (Conversion of Land Use and Its
Effects) (Verburg et al., 2002). Spatial policy, conversion rules between land use types,
land use requirements and spatial characteristics are required input data, in order to run
the CLUE-S model. Spatial policies are regulations or restrictions formulated by the
government or decision-maker who determines land use planning, and thus, will affect
the occurrence of various land use changes. Restricted areas are areas where the land
use type cannot be changed, for example key importance areas for ecological protection
or food production, such as nature reserves and high productive farmlands. The land
use type conversion rules mainly refer to the setting of the conversion elasticity for land
use, including the setting of land use conversion flexibility and the setting of land use
conversion order, which is necessary to repeatedly debug when carrying-out the actual
model simulation process. Furthermore, land use needs measurement was performed to
determine the annual rate of each change type. Finally, Gray model and Markov chain
models were used to map the probability on the occurrence of each land use type. The
total probability of a given land use type within specific region is calculated by applying
a two-value logistic regression as follows:
log(   (1 −   )⁄ ) =    +     ,  +     , …+     ,  (9)
In the formula,    is the probability of occurrence of a given land use type in the
grid i , X is the value of a given influencing factor on the grid i, and β is the regression
coefficient of each influence factor. Stepwise regression method is usually selected,
with the ROC curve for significance test.
Four GFGP scenarios were set up based on the implementation intensity of GFGP.
In the process of scenario setting, the “Notice on Accelerating the Implementation of
the New Round of GFGP”, “A New Plan for GFGP in Yunnan Province”, and official
documents such as land remediation planning from each counties were considered in
order to ensure that all land use configurations in each scenario are possible result of
the expected social development or land use management. In this study, 2030 was
selected as the target year, and four scenarios focusing on GFGP and characterized as
future land use patterns were set as follows: (1) natural GFGP scenario, follow the same
natural trends of land use change in Dali Autonomous Prefecture as that during 2000-
2010; (2) mild GFGP scenario, convert farmland on all slopes steeper than 25° into
forest land; (3) moderate GFGP scenario, convert farmland on all slope steeper than 20°
into forest land; and (4) strong GFGP scenario, convert farmland on all slope steeper
than 15° into forest land.
3 Results
3.1 Land use change scenarios
From the overall trend, Figure 2 shows the land use patterns under all four GFGP
scenarios. The area of construction land in Dali Autonomous Prefecture will increase
over time. The farmland around Erhai Lake have been occupied by human settlements,
with gradually reducing. Due to the difference in the implementation intensity of GFGP,
there are great differences in the area of farmland and forest land between the four
scenarios.
From the perspective of scenarios comparison, in natural GFGP scenario, by 2030,
land use demand in Dali Autonomous Prefecture will continue to change at a constant
rate, while changes of farmland and forest land are particularly significant. Farmland
will continue to decrease, mainly converted into forest land and shrub land. Forest land
will increase with 30,632 ha, mainly resulting from the conversion of farmland, grass
land and shrub land. Whereas, construction land will increase with 14,490ha, including
the conversions from farmland, water body and grass land. Grass land and water body
will be characterized by an obvious decrease of 23,971.5ha and 9,648ha, respectively.
Shrub land will increase slightly with 391.5ha.
In all four GFGP scenarios, the counties with large areas of farmland transferred
to forestland and grassland are Yongping County, Yunlong County, Xiangyun County,
Binchuan County, and Heqing County, with steep slope for a large area proportion. In
comparison with 2010, the area of farmland decreased with 25,587ha, 91,422ha,
21,6508.5ha, respectively for the mild, moderate, and strong GFGP scenarios (Table 1).
In all four GFGP scenarios, the reduction of farmland results in an increase in
forest land and shrub land. Under the natural GFGP scenario, 3.40% of farmland was
converted into forest land, whereas under the moderate and strong GFGP scenario 10.90%
and 26.13% of farmland were converted into forest land, respectively.
Table 1 Changes of farmland area under different GFGP scenarios
GFGP scenarios 2010 (ha) 2030 (ha)
Proportion of
reduced area (%)
Natural GFGP 634961.25 623067.75 1.87%
Mild GFGP 634961.25 609374.25 4.03%
Moderate GFGP 634961.25 543539.25 14.40%
Strong GFGP 634961.25 418452.75 34.10%
Figure 2. Land use patterns in 2030 under different Grain-for-Green Programme (GFGP)
scenarios: a) natural GFGP; b) mild GFGP; c) moderate GFGP; d) strong GFGP
3.2 Ecosystem services change estimation
Figure 3 shows the ecosystem services under different GFGP scenarios as
considered in this study. The carbon storage in the study area gradually increases with
the implementation of GFGP. Compared with 2010, the total amount of carbon storage
increased in four GFGP scenarios by 0.63%, 1.01%, 3.50% and 8.01% respectively.
Although GFGP scenarios have changed, the county rankings of total carbon storage
remained basically unchanged. In Yunlong County, Yongping County and Jianchuan
County, all located in the west of Dali Autonomous Prefecture, the ecological resources
are excellent. As the forest land coverage rate is high, the total carbon storage of these
three counties is the highest. On the contrary, in Dali City, Midu County and Nanjian
County the ecological resources are poor due to the wide distribution of farmland and
high degree of urbanization. The vegetation coverage in these areas is relatively low,
and thus the provision of carbon storage is weak.
Soil conservation is profoundly influenced by the vegetation growth and the land
use/soil management practices. The areas with strong soil conservation are mainly
distributed in areas with good vegetation coverage and flat terrain in Dali Autonomous
Prefecture, while the areas such as mountains, slopes with poor vegetation coverage
and relatively frequent human activities have weak provision of soil conservation. With
increasing GFGP intensity, the total amount of soil conservation in the study area
gradually increases. Compared with 2010, the total amount of soil conservation
increased by 0.28%, 0.36%, 0.82% and 1.57%, respectively. Although GFGP scenario
changed, the order of total soil conservation in the county remained basically
unchanged. Yunlong County, Yongping County and Binchuan County have always been
characterized by the highest soil conservation, with Dali City, Midu County and
Nanzhang County for the lowest.
With the continuous strengthening of GFGP, the total amount of water yield in the
study area has increased firstly and then decreased. Compared with 2010, the amount
of water yield in natural GFGP scenario increased by 0.01%, while in the other three
scenarios, water yield decreased by 0.02%, 0.26% and 0.70%, respectively. The
increase and decrease of water yield in the study area were all not significant. Although
GFGP scenarios have changed, the county rankings of total water yield remained
basically the same. The total amount of water yield in Yunlong County is significantly
higher than that in other counties, together with Yongping County and Eryuan County
for top three. The total amount of water yield in each county has a slight decrease with
the increase of GFGP intensity. However, the reduction of water yield is the smallest in
Dali City and Midu County under all four scenarios.
Food production in Dali Autonomous Prefecture has obvious spatial agglomeration
characteristics. The high value area of food production is concentrated around the Erhai
Lake and its western areas. These areas are flat, with large area of farmland, and good
hydrothermal conditions. With the continuous strengthening of the GFGP intensity, the
sharp decline in the area of farmland has led to a gradual reduction in the total amount
of food production, resulting in high risk of local food security. Compared with 2010,
the food production decreased by 2.23%, 4.31%, 14.10% and 33.13% respectively.
Especially when the GFGP is implemented for the farmland on the slope from steeper
than 20° to 15°, the total food production of each county has declined mostly. In terms
of total amount, Xiangyun County, Dali City and Eryuan County ranks for the highest
food production, with the counties of Nanjian, Jianchuan and Yangbi for the lowest.
Figure 3. Ecosystem services in different Grain-for-Green Programme (GFGP) scenarios: a) natural GFGP; b) mild GFGP; c) moderate GFGP; d)
strong GFGP
3.3 Ecosystem services trade-offs
Based on the four ecosystem services scenarios analysis, the total amount of
carbon storage, soil conservation, water yield and food production were calculated
(Figure 4). Under the natural GFGP scenario, the total amount of carbon storage, soil
conservation and water yield showed an increasing trend compared with 2010, with an
increase of 3.95 million tons, 6.01 million tons and 0.03 billion m3 respectively, or
relatively 0.63%. 0.28% and 0.01%. On the contrary, the total amount of food
production showed a decreasing trend, which was reduced by about 28,000 tons and
decreased by 2.23%. Our results reveals that under the natural GFGP scenario, carbon
storage, soil conservation and water yield increase in synergy, whereas food production
and these three ecosystem services are characterized by a clear trade-off relationship.
Under the mild GFGP scenario, farmland in the Dali Prefecture decreased by about
25,587 ha, which resulted in a slight decrease in forest land. As compared with 2010,
the total amount of carbon storage and soil conservation services increased, with 6.33
and 7.82 million tons, respectively (or 1.01% and 0.36%). On the contrary, compared
with 2010, the amount of water yield showed a decreasing trend, i.e. 0.05 billion m3 or
0.02%. At the same time, the overall food production decreased by 54,700 tons, which
corresponds with 4.30%. Moreover, these results show that under the mild GFGP
scenario, carbon storage has a synergistic relationship with soil conservation, food
production and water yield, whereas food production and carbon storage, food
production and soil conservation, water yield and carbon storage, water yield and soil
conservation are all characterized by trade-offs.
Under the moderate scenario, farmland in the Dali Prefecture decreased by about
91,422 ha, which resulted in a decrease of 179,000 tons or 14.1% of food production.
Compared with 2010, carbon storage and soil conservation continued to increase,
increasing by 21.86 million tons and 1.87 million tons respectively, with a slight
increase of 3.49% and 0.82% respectively. Water yield was further reduced by 57
million cubic meters, or 0.26%. Under this scenario, the correlation between various
ecosystem services is consistent with mild GFGP scenario. In addition to a synergistic
relationship between carbon storage and soil conservation, water yield and food
production, all other ecosystem services maintain a tradeoff relationship.
Considering the strong GFGP scenario, farmland showed a great reduction of
214,508.5 ha, which led to a significant reduction in the total amount of food production,
equal to 33.12%. At the same time, water yield showed a reduction of 155 million m3
or 0.70%. On the contrary, the total amount of carbon storage and soil conservation
services were characterized by an increase of 50.1 million tons and 34.01 million tons,
respectively, (i.e. 8.01% and 1.57%). Hence, these results showed that carbon storage
and soil conservation, food production and water yield are characterized by a
synergistic relationship, while food production and carbon storage, food production and
soil conservation, water yield and carbon storage, water yield and soil conservation still
show trade-off relationship.
The ecosystem services simulation results across the different scenarios are
standardized by Z-score in order to characterize trade-offs and synergies between
different ecosystem services more clearly, as being shown by the ecosystem services
trade-offs rose diagram in Figure 4. In the current status (2010) of ecosystem services,
the level of food production and water yield is relatively high. On the contrary, the level
of carbon storage and soil conservation is low. The supply services and regulation
services of the entire study area characterized by an obvious trade-off relationship.
Under natural GFGP scenario, soil conservation and carbon storage have been slightly
improved, meanwhile, water yield and food production have all decreased slightly,
despite being rather high. The contradiction between the supply services and the
adjustment services is still severe. Under the mild GFGP scenario, ecosystem services
trade-offs are very similar of that under the natural and mild GFGP scenario, i.e. food
production and water yield are still at a high level, but which is slightly lower than that
under the natural GFGP scenario. However, the increase in soil conservation and carbon
storage are restricted, indicating that the overall ecological benefits of the GFGP will
not be significant. Under the moderate GFGP scenario, food production, carbon storage
and soil conservation are at a medium level, water yield is at the upper-middle level,
and the ecological benefits of GFGP are clearly manifested. In addition, soil
conservation and carbon storage have obvious advantages compared with other
scenarios. However, food production and water yield are significantly reduced as
regards the current status (2010). This indicates that the ecological benefits of the GFGP
are threatening regional food security and water supply.
Overall, both carbon storage and soil conservation showed an increasing trend
under all four scenarios, meanwhile, food production showed a decreasing trend.
Except for a slight increase under the natural GFGP scenario, under which water yield
is characterized by a decreasing trend.With the increase of GFGP’s intensity, these four
ecosystem services have changed more and more compared with 2010. In each scenario,
the rate of change was consistent with that of 2010, with following order (from big to
small): food production, carbon storage, soil conservation and water yield. This shows
that the change of farmland intensity has the greatest influence on food production, and
it fluctuates the most. However, the change of GFGP’s intensity had the least effect on
water yield, and its fluctuation was slightly smaller than other ecosystem services.
Carbon storage and soil conservation are synergistic in all four GFGP scenarios.
Except for the synergy between carbon storage and soil conservation under the natural
GFGP scenario, water yield shows a trade-off relationship with these two ecosystem
services. Furthermore, food production and carbon storage, food production and soil
conservation have trade-offs relationship in all four scenarios. This also shows that the
contradiction between the supply services and the ecological regulation services is
strongly determined by the management of ecosystem services in Dali, and therefore,
requires great attention from decision makers.
Figure 4. Ecosystem services trade-offs in different Grain-for-Green Programme
(GFGP) scenarios: a) current status in 2010; b) natural GFGP; c) mild GFGP; d)
moderate GFGP; e) strong GFGP.
4 Discussions
4.1 Policy implications for GFGP
GFGP has been an important measure to improve the human ecological
environment since the 20th century (Bryan et al., 2018; Chen et al., 2009; Rozelle,
2005). However, while significant ecological benefits have been generated, whether
there are ecological-economic hidden dangers in the GFGP requires serious
consideration by policy makers. Has the implementation of ecological engineering
achieved a win-win situation for all types of ecosystem services? The result of this study
shows that the contradiction between supply services and ecological regulation services
runs through the ecosystem service management in Dali prefecture. The
implementation of the GFGPwill lead to improved carbon storage and soil conservation
while reducing food production and water yield. The result of the current study on
ecosystem services trade-offs was consistent with those in previous studies showing
that the significant increase of vegetation surface cover in the GFGP areas lead to the
increase of soil fertility, soil erosion, river sediment, and nutrient loss, and thus lead to
the improvement of carbon storage and soil conservation (Jia et al., 2014; Wang et al.,
2017). But at the same time, the implementation of the GFGP lead to the increase of
the area of forest land, grassland, and other vegetative land use types. The
evapotranspiration under forests is higher than that under other land cover types.
Therefore, under the condition of consistent climatic conditions, water yield in the basin
has declined with the expansion of forest land (Chisholm, 2010; Dijk & Keenan, 2007).
Meanwhile, the increase of soil infiltration delayed the time of precipitation confluence
in the basin and reduced the peak discharge, so the water yield decreases (Hu, et al.,
2015, Long et al., 2006, Xu et al., 2006). Ecological system management (EBM) should
be devoted to GFGP policy formulation and implementation process in the future,
comprehensively considering the tradeoff between ecosystem services, according to the
regional ecological demand, and the characteristics of the geographical factors,
formulate the corresponding ecological restoration target, range and method of
ecological restoration, so as to realize the sustainable ecosystem services provided (Jia
et al., 2014).
Scenario simulation is an important method to explore the impact of land use
change on multiple ecosystem services driven by policy. The effects of GFGP’s
intensity on regional ecosystem services performance were simulated dynamically
through scenario simulation to explore the implementation intensity of the GFGP to
maximize the improvement of the regional ecological environment, and four scenarios
of GFGP were considered, i.e. natural, mild, moderate and strong GFGP. Studies have
showed that an excessive focus on optimizing the ecological benefits through GFGP
would not only bring about improvement of carbon storage and soil conservation, but
also endanger regional food security and water supply (Wang et al., 2017). While, under
scenario of mild GFGP, the initiation of the GFGP to protect the environment and
mitigate disasters cannot be realized (Jia et al., 2014; Wang et al., 2017). Therefore,
finding a suitable GFGP intensity is of great significance for realizing the win-win
situation of regional “resource demand” and “ecological demand”. The differences
between extreme scenarios were explored through natural GFGP scenario and strong
GFGP scenario. Meanwhile, this study constructed mild GFGP scenario and moderate
scenario to explore which scenario is more balanced with four kinds of ecosystem
services. Rose chart of ecosystem services trade-offs can represent the trade-offs and
synergies among multiple ecosystem services in different situations (Renard et al.,
2015). Results show that the implementation of GFGP in Dali Prefecture will make that
various ecosystem services in the region has another rate or direction of change.
However, in general, the changes depend on the GFGP’s intensity. Farmland with the
slope steeper than 20° is mostly non-basic farmland with low yield and difficult for
cultivation, which is an important source of land degradation and soil erosion. Under
the moderate GFGP scenario, characterized by the restriction on the implementation of
farmland with the slope steeper than 20°, the supply levels of four kinds of ecosystem
services are the most balanced. Food production is secured, and soil conservation as
well as carbon storage are strengthened. Land use allocation under this scenario can
help to achieve social development and ecological conservation simultaneously.
4.2 Limitations and future research directions
The CLUE-S model provides a dynamic, spatially defined model of land use
change for regional scales through scenario analysis. The model's land use stability,
which is specifically used to analyze small spatial resolutions (such as watersheds or
provinces), consists of a set of variables that define the relative elasticity of the actual
land use type and conversion. As a consequence, the user needs expert knowledge or
survey data to specify these settings. The CLUE-S model is very sensitive to the
conversion of rule settings, and the parameter settings need to be carefully considered.
In order to better combine the results of ecosystem services trade-offs with policies such
as ecological compensation mechanisms in the process of ecosystem service scenario
simulation, it is necessary not only to further refine the division of relevant stake holders,
but also to fully understand the basis of the real needs of different groups, clarifying the
objects, the content and the ultimate purpose of ecosystem services trade-offs, as well
as presenting achievable and verifiable ecosystem service management and
optimization solutions. Incorporating stake holders into the research process can further
improve the quantitative identification and assessment level of ecosystem services,
effectively avoiding the limitations of decision makers themselves.
This study is based on CLUE-S for land use change simulation. The simulation
scenario setting focuses on the intensity difference of the GFGP, and sets up four
scenarios, i.e. natural, mild, moderate and strong GFG. However, as the city is a
complex and large system, and Dali Prefecture has experienced rapid growth in recent
years, there is a large amount of uncertainty about the impact of human activities on
land use. How to simulate the future more reasonably, and more in particular how to
strengthen macro-factor research, such as multi-agent, human-computer interaction,
game theory, will be key in order to have a greater flexibility on the scenario-
parameterization, and therefore, will be the main focuses for future research.
5. Conclusion
This study simulate land use status of Dali Autonomous Prefecture in 2030 using
the CLUE-S model by setting different scenarios of GFGP intensity to analyze the
spatial pattern of ecosystem services trade-offs. In general, under the moderate GFGP
scenario, the supply levels of carbon storage, soil conservation, water yield and food
production are the most balanced. In addition to the substantial increase in carbon
storage and soil conservation as a result of the GFGP implementation, the supply of
water and food in the study area has not been greatly affected. Carbon storage and soil
conservation are synergistic in all four scenarios. Except for the identified synergy with
carbon storage and soil conservation under the natural GFGP scenario, water yield
shows a trade-off relationship with these two ecosystem services across all other
scenarios. Besides, under all four scenarios, food production and carbon storage, food
production and soil conservation are all characterized by trade-off relationship. This
illustrates that the contradiction between the supply services and the ecological
regulation services runs through the management of ecosystem services in Dali
Prefecture from beginning to end. In order to better combine the results of ecosystem
services trade-offs with policies, it is necessary not only to further refine the division of
relevant stake holders, but also to fully understand the basis of the real needs of different
groups, effectively avoiding the limitations of decision makers themselves.
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